A gene of the soluble fumarate reductase (FRDS) that binds FAD non-covalently was cloned by polymerase chain reaction (PCR) using degenerate oligonucleotides designed from partial amino acid sequences of highly purified enzyme. The nucleotide sequence of a 0.99-kb amplified product was found to be nearly identical to a partial sequence of an open reading frame (ORF) previously reported (EMBL database accession number S-30830). According to the sequence in the EMBL database, we cloned 1.7-kb fragment containing entire sequence of this ORF by PCR and found that this fragment contained a perfect match to the 0.99-kb sequence amplified with the degenerate primers. From these results, we concluded that this ORF is the FRDS gene. The amino acid sequences of the regions involved in the non-covalent binding of FAD and the active site, which are conserved among the flavoprotein subunits of membrane-bound fumarate reductase and succinate dehydrogenase, were found in FRDS. However, unlike the membrane-bound enzymes, FRDS did not contain the histidine residue that covalently binds the isoalloxazine ring of FAD at or near the corresponding position. FRDS showed high homology to the product of S. cerevisiae 0SM1 gene which was reported to be required for growth in hypertonic media.
Fumarate reductase (FRDS) from yeast irreversibly catalyzes the reduction of fumarate to succinate. We have previously purified and characterized the enzyme that is induced during anaerobic cultivation.
1 ' 2 The enzyme is a soluble protein bound non-covalently to FAD. In contrast, fumarate reductases from Escherichia coli 3 and Vibrio succinogen 4 are membrane-bound enzymes that possess low-level succinate oxidation activity and covalently bound FAD. The membranous enzymes are structurally and functionally similar to succinate dehydrogenases from bacteria and other sources. Black has purified flavocytochrome c from Shewanella putrefaciens as a soluble enzyme, and shown that it contains noncovalently bound FAD and irreversibly catalyzes the reduction of fumarate (personal communication: Ph. D. Thesis, University of Edinburgh). Accordingly, FRDS resembles more flavocytochrome c than the membranebound enzymes. In order to understand the evolutionary aspects of fumarate reductase and succinate dehydrogenase in various organisms, we tried to clone and sequence the FRDS gene from 5. cerevisiae.
FRDS was purified from baker's yeast by affinity col-
Communicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-426-91-0011, Fax. +81-426-91-1094 umn chromatography, employing Blue Sepharose CL-6B, as described previously. 5 After cleavage of the purified enzyme with CNBr, 6 the resulting peptides were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Four separated peptides were electrophoretically transferred to a PVDF membrane and sequenced with a Milligen/Biosearch ProSequencer. The amino acid sequences of the CNBr peptides were found to be KLANDSPLAIEWLKNEFD, GAR-INVKAQVIGKND, TDLKNN and QIQVHPTGF. Thê -terminal sequence of the enzyme could not be determined, probably because its -/V-terminus was blocked.
Four degenerate primers, sense 5'
CAAGT (c) and antisense 5'-AACCATTC(A/G)AT-(A/G)GC(T/C)AA(A/T)GG (d) were designed according to the two stretches of amino acid sequence, PLAIEWL and INVKAQV, and codon usages in S. cerevisiae. For the cloning of the PCR (polymerase chain reaction) product, Hindill and EcoRI linkers consisting of 8 bases were attached to the 5' ends of the sense and anti-sense strands, respectively. PCR was carried out using the genomic DNA of S. cerevisiae AB-1380 as a tem- plate, as previously described. 7 A major DNA fragment This ORF of 470 amino acids was located 10 kb (990 bp) and two minor fragments (700 bp and 600 bp) downstream of the ARC gene cluster on the left were amplified when primers a and b were used. These arm of chromosome V. We synthesized two primers, fragments were cloned into the T-vector which was con-sense 5'-CGTCGCGTTCCTGAACAGCT and antisense structed using pBluescript II (Stratagene) as described 5'-TCTTGGCCGTCGATGAGCTC, based on the sepreviously 8 and were sequenced with an A.L.F. DNA quence reported by Mulligan et al. The genomic DNA of sequencer (Pharmacia). The predicted amino acid se-5. cerevisiae AB-1380 was then amplified by PCR with quence of the 990-bp DNA fragment contained the same these primers. Agarose gel electrophoresis of the PCR amino acid sequences of the four CNBr peptides, indi-product gave a single band of the expected size (1.7 kb). eating that the fragment constitutes a part of the FRDS Nucleotide sequence determination revealed that the 1.7-gene. By pulse field gel electrophoresis (PEGE), we kb fragment contained a perfect match to the 990-bp semapped the 990-bp fragment to chromosome V. quence obtained above. A computer search showed that the nucleotide se- Figure 1 shows the entire nucleotide sequence of the quence of the 990-bp DNA fragment was nearly iden-1. the purified enzyme which we previously calculated from SDS-PAGE. 1 Our nucleotide sequence differed from that reported by Mulligan et al. at the following positions; a T to C change at 60, C to T at 540, C to T at 630, A to G at 657 and G to A at 693. These nucleotide changes did not result in any amino acid replacements. However, a G to A change at 854 and a C to G change at 1318 resulted in the replacement of amino acids R to K at 285 and L to V at 440. A possible reason for these differences in sequence could be that different strains of 5. cerevisiae were used for the sequence determinations.
E Y N L P I T V A Q L C E E L Q T Y S S F T T K A D P L G

GACGTACCGTTATTCTCAACGAAnTGGCTCTGACGTTACTCCAGAAACTGTGGTTTTTATTGGTGAAGTAACACCGGTTGTCCATTTC 377 R T V I L N E F G S D V T P E T V V F I G E V T P V V H F
ACCATGGGTGGTGCTAGAATCAATGTCAAGGCTCAAGTCATTGGCAAGAACGACGAAAGGCTACTAAAAGGaTGTACGCGGCCGGTCA 406 T H G G A R I S Y K
A comparison of the overall amino acid sequence of the 5. cerevisiae FRDS with those of the flavoprotein subunits of related fumarate-succinate oxidoreductases from different organisms is presented in Fig. 2 . The sequence of FRDS was highly homologous to that of the 5. cerevisiae OSM1 protein (62.1% identity). 9 The homology to S. putrefaciens flavocytochrome c (26.9% identity), 10 and flavoproteins of S. cerevisiae succinate dehydrogenase (43.2% identity), 11 Bacillus subtilis succinate dehydrogenase (27.8% identity) 12 and E. coli fumarate reductase (22.5% identity) 13 was much lower. FRDS showed high amino acid sequence conservation in the region containing the catalytically active site (His-249 and Arg-272) 14 -15 ' 16 and the domain interacting with the AMP moiety of FAD (/3a/3fold from Val-6 to Glu-35 and stretch from Pro-401 to Gly-448) (Fig. 2 ).
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In the membrane-bound fumarate reductases and succinate dehydrogenases containing covalently bound FAD, the site of attachment of the flavin to the apoenzyme is the first histidine residue of the N-terminus and the linkage is in the form of 8a[iV(3)-histidyl]FAD. 18 Blaut et al. 19 suggested that the covalently-bound flavin was essential for succinate oxidation. FRDS as well as flavocytochrome c does not contain this His residue at or near the corresponding position (Fig. 2) . These results coincide with our previous finding that FRDS with noncovalently bound FAD irreversibly catalyzes the reduction of fumarate to succinate.
It is noteworthy that homology between FRDS and OSM1 protein amounts to 62%. The OSM1 gene is a member of the COR gene cluster located on the right arm of chromosome X, and deletion of the 0SM1 gene causes increased sensitivity to hypertonic medium. 20 However, the isolation and biochemical properties of the gene product have not been studied. As the amino acid residues corresponding to the active site and the flavin interacting site are well conserved, it is reasonable to assume that OSM1 protein is a member of the fumarate-succinate group of oxidoreductases. Pealing et al. mentioned that the flavoprotein domain of the Fee gene of 5. putrefaciens is more closely related to OSM1 protein than to any of the membrane-bound flavoproteins (31% identity). 10 Both the COR region on chromosome V and the ARC region of chromosome X are composed of a cluster of seven genes. 21 The gene pairs CYC1-CYC7and ANB1-TIF51A were shown to be about 80% and 90% identical, respectively, and some of the other gene pairs of these clusters were found to be related in function. From these results, Melnick et al. suggested that the ARC and COR regions are ancestrally related. 21 Thus, our result showing that FRDS is located in the neighborhood of the ARC region and that it shows high homology to the OSM1 gene located within the COR gene cluster gives additional support to the idea that these two regions share common ancestry.
